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Abstract

The flow of a propeller is complex and has obvious influence on the aircraft. Though computer is
becoming powerful, numerical simulation on propeller slipstream is still difficult. When doing
optimization, actuator disc model could be used to save computation costs and computation time. This
paper studies a propeller, then use the actuator disc model to study the slipstream of a propeller plane.

1. Introduction

Nowadays, in the world of air transportation, there is increasing emphasis on Environmentally Responsible Aviation
that address more energy efficient and environmentally sustainable with low emissions. In the aerodynamic research
of propeller aircraft, the slipstream of propeller and the propeller-plane-interaction are two of the most important and
difficult key points. It is becoming increasingly difficult to ignore how the slipstream affect the aircraft
aerodynamically during the design of a propeller plane. As a result of unsteady flow and asymmetric flow, the
interaction between slipstream and wing, tail and fuselage is very complex [1], causing difficulty in numerical research
of propeller planes.

In order to study the propeller slipstream accurately by Computational Fluid Dynamics(CFD) methods, numerous
studies have been carried out and researchers have established a series of models to calculate the propeller slipstream.
In the early years, momentum disc theory was developed for marine propellers research [2][3][4]1[5][6]1[71[8]- Then
Blade Element Theory [9][10][11] and Vortex Lattice Method [12][13][14] were developed, to simulate the rotating
slipstream in a more accurate way. In the recent years, engineers were using quasi steady method to study propellers
[15][16][17]. With the rapid development of computer science, it is becoming more and more possible to use unsteady
CFD method to calculate the slipstream flow field, such as Large Eddy Simulation [18][19]. However, it we take
massive calculation or engineering design optimization into account, the method of actuator disc can save lots of
computation costs, and ensure the accuracy of slipstream relatively [20]. So the actuator disc model has high
engineering practicability.

To save computation costs, this paper uses the actuator disc model to carry on the research. The actuator disc model
used in this paper is developed from momentum disc theory. Firstly we caculate a real propller, collecte the real flow
field data, then we fit the circumferential velocity distribution into actuator disc model, thus the effect of propeller
slipstream could be accurately reflected. In this paper, we compare one propeller aircraft with two different states, one
with power and one without. The actuator disc method will not enlarge the computation costs. Usually, the rotation
direction of the propeller on both sides of a twin-propeller aircraft is the same, thus causing the flow field become
asymmetric. Compare the powered results and unpowered results, we can get a conclusion that the propeller slipstream
does have great effect on the aircraft.

2. Solver

In this paper, self-developed software NSAWET is used for the CFD simulation. NSAWET solves the Reynolds
Averaged Navier-Stokes Equations(RANS) by using lattice finite volume method. NSAWET is a parallel solver based
on structural meshes, and can be accelerated by mutigrid method. The turbulent model used is Shear Stress Transport
Model. The time march is LUSGS, the numerical scheme is ROE, and the reconstruction is 3-rd MUSCL.
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Figure 3: Mesh with actuator disc, for powered calculation

3. Problem Description

This paper focuses on a twin-propeller aircraft, as shown in figure.1. The half model mesh is shown as figure.2, and
mesh number is 14.91 million. However, the rotational direction of propellers on both sides is exactly the same, causing
asymmetrical slipstream flow field, as a result we will have to calculate the full model(Fig.3) in powered cases.
Propeller slipstream is a very complex flow phenomenon, to simplify the slipstream calculation, actuator disc model
is used to replace the real rotational propeller. Actuator disc model is similar to boundary conditions, and is used to
joint the flow field before and after the actuator disc. To eliminate the effects of meshes, same set of mesh is used on
both powerless and powered cases. When calculating powerless cases, the propellers have no boundary conditions.
When calculating powered cases, the propellers are actuator disc boundary condition.
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4. Actuator Disc Model Theory

The first actuator disc method study was reported by W.J.Rankine and R.E.Froude in 1865. They studied a marine
propeller and proposed the momentum disc model. When fluid flows pass a propeller, there will be momentum change
and energy change. As momentum disc model describes, a propeller can be equivalent to a disc with an infinite number
of blades. And the thrust on the momentum disc is evenly distributed when the propeller rotates. In fact, the propeller
plane studied in this paper flies at a relatively low Mach number, so that we can ignore the air compressibility and
consider air as incompressible fluid. According to momentum disc theory, there are only pressure change and
circumferential velocity change across the actuator disc.

According to Bernoulli’s principle, far-field inflow and actuator upstream remain energy conservation, and far-field
outflow and actuator downstream remain energy conservation:
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In Eq.(1) and Eq.(2), p,, . p. V., are far-field inlet static pressure, air density and inlet velocity ; V, , V', are velocity
increment at actuator upstream and downstream ; p , Ap are static pressure just before the actuator disc and the pressure
change caused by the actuator disc.

According to Eq.(1) and Eq.(2), we can get :

Vi
Ap=pVy(Voot 7b) (©)
The propeller thrust is contributed by the pressure increment on the actuator disc :
T=AAp 4)

In Eq.(4), T is propeller thrust, A is the front channel area of actuator disc.
According to energy conservation and Eq.(1)(2)(3)(4), the following can be deduced :

V=2V, (5)
In the year 1920, Betz.A added circumferential velocity change into Froude’s momentum disc model [22]:
AVy=wr (6)

In Eq.(6), 4V, is the circumferential velocity change, w is the propeller’s rotational speed, r is the local rotational
radius.

The actuator disc model requires the following assumptions:

1) In the actuator disc model, flow is steady;

2) Across the actuator disc, fluid density remains the same;

3) Across the actuator disc, pressure increment exists and can be obtained by thrust;

4) Across the actuator disc, to ensure mass conservation, axial velocity remains the same;

5) Across the actuator disc, to simulate the propeller slipstream, the circumferential velocity changes.

The disc model above[Eq.(1)~(6)] is a rigid-body rotational velocity model, and is widely used on fans and in water
[21][22]. However, for an air propeller, since the low air viscosity and low blade solidity, airflow after the blades will
not follow them well in rotational direction.

In the circumstance of air propellers, circumferential velocity after blades does not follow vy=w-r. Actually, the
velocity near propeller hub and tip is very low. In order to improve the actuator calculation pricision, blade element
theory could be used, which means calculating the lift coefficient and drag coefficicent of airfoils at different blade
radius. We can also calculate a individual propeller, then analyze the pressure increment and velocity increment caused
by blades, and fit the pressure and velocity increment onto actuator disc model. So that the slipstream could be well
simulated. The second method is used in this paper.
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5. Computation and Discussions
5.1 Actuator Disc Model Computation

Numerical calculations are carried out for an individual propeller. The blade angle is 45.3° , and the CFD model and
mesh are shown as figure.4 and figure.5.

The propeller advance ratio is known as J=V/nD. V[m/s] is inflow velocity, and n[r/s] is propeller rotational velocity,
D[m] is propeller diameter.

n=V/JD (7

The propeller thrust coefficient is known as 7,=7/¢S. S[m2] is aircraft reference area, and q[Pa] is inflow dynamic
pressure. So the pressure increment can be deduced:

Ap=T.qS/A 8
A real rotating propeller is calculated by steady method. The interface between rotational domain and static domain is
mixing plane. After the computation is completed, the downstream interface is selected for data processing. The
circumferential velocity distributions of all grid points are counted, and polynomial fitting is done with the local radius
r[m] as the independent variable.

The CFD result is shown as figure.5, and circumferential velocity distribution is shown as figure.6.

Figure 4: Mesh of an individual propeller solving
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Figure 5: Circumferential velocity contour of the propeller
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Figure 6: Circumferential velocity distribution for the actuator disc model

Computation Mach number is 0.2 and Reynolds number is 1.9M. Cruising speed is 70m/s and the angle of attack is
0° . The actuator disc model used is as Eq.(8) and Eq.(9) describe in aircraft slipstream simulation, and the results are
figure.7 and figure.8.
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Figure 7: Slipstream and pressure coefficient contour calculated by using actuator disc model, upper surface
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Figure 8: Pressure coefficient contour calculated by using actuator disc model, lower surface
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As can be seen from figure.7, the slipstream simulated by actuator disc model is acceptable and rotates in anticlockwise
direction. At the same time, from figure.7 and figure.8, we can see that under the influence of slipstream, the attack
angle near propeller is changed, causing different pressure and asymmetrical flow field. The actuator disc model is
used in subsequent calculations.

5.2 Slipstream Analysis

Powerless cases and powered cases have been well calculated, and the angle of attack varies from -8° ~18° . The lift
coefficient curve, the drag coefficient curve and the torque coefficient curve are shown in fiture.9, figure.10 and
figure.11. Compared to wind tunnel results, the CFD calculations are in good agreement with the experiment.

From the lift coefficient curve and drag coefficient curve, it can be seen that the lift coefficient and drag coefficient of
both experiment and calculation are slightly larger when there is power. That is, the propeller slipstream increases the
lift on the wing, and brings extra drag to the fuselage, wings and nacelles. However, at circumstance of large angle of
attack, the data calculated by CFD and experiments have some deviations. Preliminary analysis shows that, the wind
tunnel model will be deformed when the angle of attack is large, as a result the lift coefficient decreases and the drag
coefficient increases.
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Figure 9: Lift coefficient curve
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Figure 10: Drag coefficient curve
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Figure 11: Torque coefficient curve

The friction coefficient contours are shown in figure.12. By comparing contours, for powered case at 6 degrees angle
of attack, the flow on upper wing surface begins to separate under the influence of upwash slipstream, but flow will
not separate under powerless condition. Meanwhile, at same angle of attack, downwash slipstream helps to reduce the
separation area on upper wing surface.
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Figure 12: Friction coefficient contour, upper wing surface

Compare the powered calculation results at different angle of attack, large flow separation appears at the right side of
horizontal tail, as is shown in figure.13. As the angle of attack increases, the separation area increases, causing obvious
asymmetrical flow. This phenomenon is caused by propeller slipstream.
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Figure 13: Friction coefficient contour, horizontal tail

6. Conclusions

In this paper, a numerical research is carried out on a twin-propeller aircraft by actuator disc model, meanly focusing
on the slipstream influence, and results show that:

1)
2)

3)

[1]
[2]

(3]

(4]
[5]
(6]

Relatively accurate CFD results can be obtained by calculating a propeller in advance and then substituting the
data into actuator disc model.

The propeller slipstream will increase the lift and drag of the aircraft. The flow on upper wing surface tend to
separate in advance, which is affected by the upwash slipstream.

The propeller slipstream will cause asymmetrical separation on left and right horizontal tail. This asymmetry
increases with angle of attack
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